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OUTLINE 

• Overview 

• 1-2 slide summary of each talk 

• Summary 

• Outlook 



OVERVIEW 

Theory 

Calculations 

PYTHIA 

Experiment 

•  Analytical or seminumerical 
•  Semiclassical (probabilities) 
•  Build intuition 
•  Check that pythia is sane 
•  Takes days/weeks/months 
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Better algorithms 

Understand  
why algorithms work 

Precision 
Calculations 
 

Back-to-
basics 

•  PDFs + Mathematica = data? 
•  Factorization -> recycle old loops 
•  Systematically improvable 
•  Takes months/years 
•  Is it worth it? 

Algorithms 

•  What is the best way  
          to tell X from Y? 



JESSE THALER 
THEORY INTRODUCTION 

Jesse Thaler — Theoretical Progress in Dissecting Jets 3

Outline

(Disclaimer:  This is a personal view, not a comprehensive summary.)

(Calculations for Precision)

Calculations for Insight

Calculations for Liberation

Unfinished Business from Boost 2012

Back to Basics for Boost 2013

Thinking Beyond IRC Safety for Boost 2014

Jesse Thaler — Theoretical Progress in Dissecting Jets 26

Perturbative
Control?

Non-Perturbative
Input?

IRC Safe? IRC Unsafe?

Yes
Order-by-order in αs

Sometimes
e.g. Ratio Observables in √αs

Yes:  (Λ/Q)n

e.g. Power Corrections
Yes:  O(1)

e.g. Track Functions

Sometimes:
Perturbative Handle

A More Nuanced Picture

Key:  Assess degree of sensitivity to NP physics
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Better Starting Intuition than Fixed-Order 
 

Realistic parton showers include 
additional effects (like running αs)
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Figure 4. Mass distributions for jets with |y| < 2.0 in the 300–400 GeV pT bin. Jets shown are
Cambridge-Aachen (top left), Cambridge-Aachen after splitting and filtering (top right) and anti-kt
(bottom).
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Sudakovs factors and splitting functions 
    (semiclassical approximation) 

Motivate/understand observables 
•  How do algorithms work? 
•  Improve observables? 
•  Is pythia sane? 
•  Are some observables  
       more theory friendly than others? 
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Better Starting Intuition than Fixed-Order 
 

Realistic parton showers include 
additional effects (like running αs)
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Figure 4. Mass distributions for jets with |y| < 2.0 in the 300–400 GeV pT bin. Jets shown are
Cambridge-Aachen (top left), Cambridge-Aachen after splitting and filtering (top right) and anti-kt
(bottom).
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Works for pythia/herwig 



GAVIN SALAM 
TOWARDS AND UNDERSTANDING OF JET SUBSTRUCTURE 

Gavin Salam (CERN) Towards an understanding of jet substructure Boost 2013, Flagstaff, August 2013 40
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Gavin Salam (CERN) Towards an understanding of jet substructure Boost 2013, Flagstaff, August 2013

Past years → a vast trove of ideas for jet substructure tagging.
But maybe it’s time to try to go back to “basics” 
→ detailed understanding about how our methods work.

Trimming was a particularly illustrative case: 

• has non-trivial structure, relevant for phenomenology

• can mostly be understood from LO calculation & standard 
resummation techniques — quite similar to jet mass

• non-perturbative effects are relevant

Now over to Simone, who will discuss pruning and MDT

45

Gavin Salam (CERN) Towards an understanding of jet substructure Boost 2013, Flagstaff, August 2013

mEW
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trimming: hadronisation (quark jets)
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hadronisation adds 
roughly 

to the trimmed-jet 
squared mass

�m2 ⇠ µNP pjett Rsub

⇠ (30GeV)2

It’s even worse for plain jet mass
but better for other taggers...

Trimmed mass distribution reproduced from 
Semiclassical calculation 

Hadronization important 
UE not (trimming works) 

Impressive analytic 
understanding of 

trimming 



SIMONE MARZANI 
PRUNING AND MASS DROP WITH ANALYTICAL METHODS 

Pruned mass distribution reproduced from 
Sudakov calculation 

All-order results

All-order calculation done in the small-zcut limit
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• Full Pruning: single-log region for zcut2 <ρ<zcut
• We control αsn L2n and αsn L2n-1 in the expansion 
• NG logs present but deferred to NNLO

Y-pruning Beyond LO

R

prune

p2

p1
R
prune

R

p3

p1
Rprune p2

R

Figure 5: Configuration that illustrates generation of double logs in pruning at O
(

α2
s

)

. Soft gluon
p3 dominates the jet mass, thus determining the pruning radius. However, because of p3’s softness,
it is then pruned away, leaving only the central core of the jet, which has a usual double-logarithmic
type mass distribution.

ycut → zcut):
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6.1 3-particle configurations and “sane” and “anomalous” pruning

As was the case for the original mass-drop tagger, once we consider 3-particle configurations

the behaviour of pruning develops a certain degree of complexity. Fig. 5 illustrates the type

of configuration that is responsible: there is a soft parton that dominates the total jet mass

and so sets the pruning radius (p3), but does not pass the pruning zcut, meaning that it

does not contribute to the pruned mass; meanwhile there is another parton (p2), within

the pruning radius, that contributes to the pruned jet mass independently of how soft it

is. We call this anomalous pruning, because the emission that dominates the final pruned

jet mass never gets tested for the pruning zcut condition.

Let us work through this quantitatively. For gluon 3 to be discarded by pruning it must

have x3 < zcut # 1, i.e. it must be soft. Then the pruning radius is given by R2
prune = x3θ23

and for p2 to be within the pruning core we have θ2 < Rprune. This implies θ2 # θ3, which

allows us to treat p2 and p3 as being emitted independently (i.e. due to angular ordering)

and also means that the C/A algorithm will first cluster 1 + 2 and then (1 + 2) + 3. The

leading-logarithmic contribution that one then obtains at O
(

α2
s

)

is then
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where we have directly taken the soft limits of the relevant splitting functions.

The ln3 ρ contribution that one observes here in the differential distribution corre-

sponds to a double logarithmic (α2
s ln

4 ρ) behaviour of the integrated cross-section, i.e. it

has as many logs as the raw jet mass, with both soft and collinear origins. This term is

– 14 –

What pruning sometimes does
Chooses Rprune based on a soft p3 

(dominates total jet mass), and leads to 
a single narrow subjet whose mass is 
also dominated by a soft emission (p2, 

within Rprune of p1, so not pruned away).

What pruning is meant to do
Choose an Rprune such that different 

hard prongs (p1, p2) end up in different 
hard subjets.

Discard any softer radiation.

Beyond LO
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Figure 5: Configuration that illustrates generation of double logs in pruning at O
(

α2
s

)

. Soft gluon
p3 dominates the jet mass, thus determining the pruning radius. However, because of p3’s softness,
it is then pruned away, leaving only the central core of the jet, which has a usual double-logarithmic
type mass distribution.
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What pruning sometimes does
Chooses Rprune based on a soft p3 

(dominates total jet mass), and leads to 
a single narrow subjet whose mass is 
also dominated by a soft emission (p2, 

within Rprune of p1, so not pruned away).

What pruning is meant to do
Choose an Rprune such that different 

hard prongs (p1, p2) end up in different 
hard subjets.

Discard any softer radiation.I-pruning Performances for finding signals (Ws)

 0

 0.2

 0.4

 0.6

 0.8

 1

300 500 1000 3000

ta
gg

in
g 

ef
fic

ie
nc

y 
ε

pt,min [GeV]

W tagging efficiencies

hadron level with UE

mMDT (ycut = 0.11)

pruning (zcut=0.1)

Y-pruning (zcut=0.1)

trimming (Rsub=0.3, zcut=0.05)

Figure 17. Efficiencies for tagging hadronically-
decaying W ’s, for a range of taggers/groomers,
shown as a function of the W transverse momen-
tum generation cut in the Monte Carlo samples
(Pythia 6, DW tune). Further details are given
in the text.

It receives O (αs) corrections from gluon radiation off the W → qq̄′ system. Monte Carlo

simulation suggests these effects are responsible, roughly, for a 10% reduction in the tagging

efficiencies. Secondly, Eq. (8.9) was for unpolarized decays. By studying leptonic decays of

the W in the pp → WZ process, one finds that the degree of polarization is pt dependent,

and the expected tree-level tagging-efficiency ranges from about 76% at low pt to 84%

at high pt. These two effects explain the bulk of the modest differences between Fig. 17

and the result of Eq. (8.9). However, the main conclusion that one draws from Fig. 17

is that the ultimate performance of the different taggers will be driven by their effect on

the background rather than by the fine details of their interplay with signal events. This

provides an a posteriori justification of our choice to concentrate our study on background

jets.
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Y-pruning gives a visible improvement

Y-pruning improves significance 

Structure beyond LO
• Pruning @ NLO ~αs2 L4 (like plain jet mass)
• Explicit calculation shows that I-pruning is active for ρ < zcut2

• A simple modification: require at least one successful merging   
with ΔR > Rprune and z > zcut (Y-pruning)

• It is convenient to resum the two components separately
• Y-pruning: essentially Sudakov suppression of LO ~ αsn L2n-1

• I-pruning: convolution between the pruned and the original 
mass ~ αsn L2n



SIMONE MARZANI 
PRUNING AND MASS DROP WITH ANALYTICAL METHODS 

•  Mass drop distribution hard to compute 
•  Modified mass drop (mMDT): uses transverse mass to pick subjet 
•  Only collinear not soft-collinear emissions 

•  Insensitive to UE! 
•  Free of non-global logarithms 

Found bug in Pythia 6! mMDT has remarkable properties 

Non-perturbative effects
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• Most taggers have reduced sensitivity to NP physics
• mMDT particularly so (it’s the most calculable)
• Y-pruning sensitive to UE because of the role played by 
the fat jet mass

hadron / parton wUE / noUE

In summary ...
• Analytic studies of the taggers reveal their properties
• Particularly useful if MCs don’t agree
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ROBERT SCHABINGER 
SOFT NON-GLOBAL STRUCTURE AT TWO LOOPS IN 

SOFT-COLLINEAR EFFECTIVE THEORY  
 

•  Non-global structure limits theory precision 
•  Numerically, similar to NNLO effects 
•  Analytic calculations of non-global logs (NGLs) show universality 

Outline
Soft-Collinear Effective Theory (SCET) Framework

Two-Loop Soft Functions in SCET
Results
Outlook

The Integrated Jet Thrust Distribution
Soft Non-Global Logarithms

Soft Non-Global Logarithms

We found that the logarithms that appear in the ⌧!Q >> 2!R limit
have the form (confirms partial results of Hornig et. al. JHEP 1201 (1012) 149)
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The resummation of the non-global logarithms that appear in this
and other contexts have not yet been understood analytically.
(however, see Hatta and Ueda Nucl. Phys. B874 (2013) 808)

Robert M. Schabinger Soft Non-Global Structure at Two Loops in SCET

Same non-global structure with finite R as for hemispheres! 

How universal is non-global structure? Can NGLs be resummed analytically? 



DANIELE BERTOLINI  
JETS WITHOUT JETS 

Counting jets with event shapes

pp ! jj @ p
s = 8 TeV

Count jets with R = 0.6 and min
transverse momentum pT0 = 25 GeV

eNjet(pT0,R) =
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Non-integer number of jets 

Counting jets with event shapes

pp ! jj @ p
s = 8 TeV

Count jets with R = 0.6 and min
transverse momentum pT0 = 25 GeV
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Trimming with event shapes
Test mass resolution on (BOOST 2010) boosted top sample
+ QCD background

I R = 1, pT0 = 200 GeV, Rsub = 0.2, fcut = 0.05

pp ! tt̄ ! hadrons pp ! jj
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Trimming without trees 

•  Fast 
•  Local 

•  General definition of 
         jet-like event shapes 

Trimming with event shapes

4-mom of a trimmed jet: tµjet =
P

subjets p
µ
sub⇥

⇣
pT sub
pT jet

� fcut
⌘

Need an inclusive jet/subjet observable: 4-mom of the event

tµevent =
P

jets

P
subjets p

µ
sub⇥

⇣
pT sub
pT jet

� fcut
⌘
⇥(pT jet � pT0)

Make replacements:

I
P

jets

P
subjets p

µ
sub !

P
i2event p

µ
i

I pT jet ! pTi ,R , pT sub ! pTi ,Rsub

“Shape trimming”:

et µevent =
X

i2event
pµi ⇥

✓
pTi ,Rsub

pTi ,R
� fcut

◆
⇥(pTi ,R � pT0)
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MATTHEW LOW 
JET CLEANSING 

Jet Cleansing: Pileup Subtraction at High Luminosity

David Krohn⇤ and Matthew D. Schwartz†

Department of Physics, Harvard University, Cambridge MA, 02138

Matthew Low‡ and Lian-Tao Wang§

Kavli Institute for Cosmological Physics and Enrico Fermi Institute, University of Chicago, Chicago, IL 60637
(Dated: August 9, 2013)

One of the greatest challenges in extracting useful information from high luminosity hadron-
collision data is how to separate particles coming from the primary interaction from those coming
from secondary collisions. In this paper, we introduce a jet-substructure technique called “cleansing”
which can consistently correct for pileup on an event-by-event basis by exploiting the separation
of track and hadronic energy deposits in the data. By performing an intelligent energy rescaling
on subjets, we show that pileup can be e↵ectively removed in an observable independent way. For
example, for the dijet mass, a kinematic observable, we achieve a 95% correlation between its value
before piluep and after 100 pileup interactions are added and then cleansed. For substructure
observables, like jet mass, a 93% correlation is achieved at 100 pileup interactions. The method is
simple, data-driven, and essentially independent of the number of pileup interactions.
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FIG. 1. Correlations between the values of a kinematic vari-
able (dijet mass, left) and a substructure variable (jet mass,
right) are shown before pileup is added, and after 100 pileup
interactions are added and then corrected for. The top row
shows the uncorrected correlations, the middle rows demon-
strates the performance of[1] and [2], and the bottom row
shows the performance of the jet cleansing method described
here.

INTRODUCTION

LHC best shot at finding NP. Will probably be in jets,
so should measure them better. Lots of progress recently
([3–17]). Some recent reviews are [18–21]. If anything,
the methods work better than expected and should en-
courage us to push harder [22, 23].
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FIG. 2. The value of Pearson’s linear correlation coe�cient is
shown as a function of the number of pileup interactions for
dijet mass and for jet mass.

Consider pileup. Will be a major obstacle as we go
to higher energy and luminosity. One way to deal with
this is jet subtraction [1, 2]. Another is jet grooming.
Some (pruning [24, 25]) aimed at separating boosted
heavy from QCD. Others (filtering [26], trimming [27])
more general purpose. Have proved very successful,
but not enough to fully alleviate problems from PU as
NPU ⇠ O(100+).

Turns out jet grooming methods only make use of lim-
ited information (calocells). Here we will show that by
making use of more information (charged tracks) we can
significantly improve their performance. Focus on trim-
ming.

Idea behind trimming is separation in energy scales.
Harder subjets more likely to come from hard scattering.
Softer subjets more likely to come from pileup. Here we
will combine this energy scale information with positional
information from charged tracks. Charged tracks can be
measured very well and traced back to collision vertex.
Thus can spatially separate charged particles of primary
vertex from charged particles of pileup vertices. Since
neutrals very correlated with charged (plot?), it’s rea-
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I Let the charge-to-all ratio be

� =
p

C
T

pT

I We can let PV and pileup have independent charge-to-all ratios
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Rescale momenta using jet vertex fraction 

•  Apply clustering at subjet level 
•  Account for local variation of JVF 
•  Observable independent correction 
•  Works up to 150+ PU 

“Useless!” 
“Trivial!” 
“We already did it!” 

-- ATLAS,CMS 



TIM LOU 
JET SUBSTRUCTURE BY ACCIDENT 

Accidental Substructure 

• N-subjettiness, 𝜏  
(J. Thaler et al.) 

 
• Event-subjettiness 

 
 
 
• 𝑇 ≪ 1 for signal 

13 

Event with small 𝑇  

Sometimes 18 jets look like 4 jets 
•  Substructure accidental (not from boost)  

•  Still cannot trust QCD calculation 
•  Data driven analysis? 

  

17 

• Same cut as before 
except T21 < 0.2  

• Competitive with 
ATLAS’s  skinny-jet 
result (in green) 

• Our method is viable 
and competitive 

•  Competitive with ATLAS’ skinny jet 
result 

Accidental Substructure 

• N-subjettiness, 𝜏  
(J. Thaler et al.) 

 
• Event-subjettiness 

 
 
 
• 𝑇 ≪ 1 for signal 

13 

Event with small 𝑇  

Use combination of n-subjettiness ratios: 



SONIA EL HEDRI 
LEARNING HOW TO COUNT  

High multiplicity signals

> 12 jet signals from natural SUSY

Other signals: RPV, strong dynamics, cascade decays, ...

7 / 50

Using fat jet techniques on high multiplicity events

"Count" the number of subjets using jet substructure techniques

Signal Background

N =
ÿ

i
N subjets

i

13 / 50

Can we count subjets within fat jet? 

C/A or kT  counting algorithms 

Gluino 2 step decay, RPV – 8 TeV, 30fb

≠1

600 800 1000 1200 1400
mg̃( GeV)

100

101

102

103

�
�

B
r

(f
b)

G7
MJ + /ET

MJ + /ET + NCA

MJ + /ET + NkT

ATLAS

CMS/5

MJ Ø 425 GeV
/ET Ø 125 GeV
NCA Ø 14

I Factor of ≥ 4 improvement over MJ + MET
I Factor of ≥ 5 improvement over ATLAS at high mass
I CA slightly better than kT

40 / 50

With count variables 

ATLAS 

Factor of 4-5 improvement in  
 σ x Br  exclusion 



DAVE SOPER 
SHOWER DECONSTRUCTION 

the hard 
interactioninitial state 

radiation

a QCD splitting

a Sudakov factor

a Sudakov factor

a decay
a decay

Calculate probability anaytically 
 
 
 
Using Sudkaov approximation  

•  Similar to matrix element method 
•  Includes Sudakov factors, so works for substructure 

Works better than algorithmic top-taggers 



JEFF TSENG 
SEMICLASSICAL APPROACH TO JET CLUSTERING AND 

BACKGROUND SUBTRACTION  
 

13 August 2013 J Tseng, semiclassical jet clustering 3

ScJet

● Sequential recombination algorithm

● Inter-cluster distance

– R = maximum ΔR
ij
 for merging

● Beam-cluster distance

● Merge clusters by adding 4-momenta

dij=
1

4
(mTi+mTj)

2( Δ Rij

R )
3 mTi

2 =mi

2+ pTi

2

Δ Rij

2=Δ ϕij

2+Δ yij

2

diB=mTi

2

arXiv:1304.1025
PRD 88, 014044 (2013)

New clustering algorithm, 
  with new distance measure 

13 August 2013 J Tseng, semiclassical jet clustering 3

ScJet

● Sequential recombination algorithm

● Inter-cluster distance

– R = maximum ΔR
ij
 for merging

● Beam-cluster distance

● Merge clusters by adding 4-momenta

dij=
1

4
(mTi+mTj)

2( Δ Rij

R )
3 mTi

2 =mi

2+ pTi

2

Δ Rij

2=Δ ϕij

2+Δ yij

2

diB=mTi

2

arXiv:1304.1025
PRD 88, 014044 (2013)

Based on transverse mass 

Motivated by semi-classical 
 calculations 

13 August 2013 J Tseng, semiclassical jet clustering 5

Comparison

● Ungroomed jet 
clustering:

– k
T

– Cambridge-
Aachen

– Anti-k
T

● 0 and 25 
average pileup

Grooms and clusters at the same time 



ANDREW LARKOSKI 
ENERGY CORRELATION FUNCTIONS FOR JET 

SUBSTRUCTURE  

Energy Correlation Functions

3

Banfi, Salam, Zanderighi 2004
Jankowiak, AL 2011

ECF(N,β) =
∑

i1<i2<...<iN∈J

(

N
∏

a=1

pT ia

)(

N−1
∏

b=1

N
∏

c=b+1

Ribic

)β

ECF(0,β) = 1,

ECF(1,β) =
∑

i∈J

pT i,

ECF(2,β) =
∑

i<j∈J

pT i pT j(Rij)
β ,

ECF(3,β) =
∑

i<j<k∈J

pT i pT j pT k (RijRikRjk)
β ,

ECF(4,β) =
∑

i<j<k<"∈J

pT i pT j pT k pT " (RijRikRi"RjkRj"Rk")
β

Energy Correlation Functions
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Next-to-Leading Log Discrimination

Banfi, Salam, Zanderighi 2004
CAESAR

Several effects lead to better 
discrimination at small ":
• Hard collinear emissions
• Multiple soft emissions
• Running coupling

better
discrimination

better discrimination

Introduce n-point correlation functions 

Analytic calculations imply smaller β is better 
For quark/gluon discrimination 
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Monte Carlo Study
Expectations:
• Improved performance with 
recoil-free observables
• Improved discrimination at 
small "
• Identical performance at 
large " for most observables

Questions:
• Is Pythia or Herwig closer to 
data?
• Is the improved performance 
at small " observed in data?

0.0 0.5 1.0 1.5 2.0 2.5
0.65

0.70

0.75

0.80

0.85

0.90

0.95 50 Quark Eff. Pythia8

pT 400,500 GeV

R0 0.6

16

Contrast C1 to angularities #(")

Value of " determines sensitivity to recoil

~1
z jet axis

“direct”
contribution

“recoil”
contribution

τ (β) ! zβθβ + zθβ

angle from particle i
to jet axis

τ (β) =
1

pTJ

∑

i∈J

pTiR
β
i !

∑

i∈J

ziθ
β
i

Recoil free at β=0 

Helps  
with QvG 



MIHAILO BACKOVIC  
TEMPLATE OVERLAP METHOD 

TOM: Illustration

For each template 
momentum, add up the 
energy deposited inside 
the cone of radius r 
around the template 
momentum

For each template, 
subtract the sum from 
the energy of the 
template momentum.

Repeat for all other 
template momenta and 
sum over the number of 
momenta in the 
template.

Choose the 
configuration which 

maximizes the 
exponential!

Ov = max(F )

8
<

:exp

2

4�
X

i

1

2�2
i

2

4
X

j

Ej � Ei

3

5

3

5

9
=

;

Repeat the algorithm for many possible template 
configurations

Result: Ov AND template which 
maximizes overlap.

2

(TS)

Mihailo Backovic, BOOST2013
Tuesday, August 13, 13

�ppileupT ⇠ R2

�ppileupT ⇠ r2

ntemp ⇥ r2/R2 ⇠ ntemp ⇥ 0.12/1.02 = 0.01⇥ ntemp

For fat jets:
For templates:

Pileup contribution to a 
template relative to the fat jet

e.g.:

Why is TOM weakly susceptible to pileup?

Templates are sensitive 
only to the energy 

deposition inside the 
template sub-cones.

Pileup in TOM framework

Mihailo Backovic, BOOST2013
Tuesday, August 13, 13

Weakly sensitive to pileup 
Compare event to 10,000 
top or higgs events 

TOM

TOM today

Formulation in terms of 
longitudinally boost-invariant 

quantities. Dynamical, event-by-
event template 
subcone radius 
determination.

Introduction of new template 
based observables (Template 

Planar Flow, Template 
Stretch ... ).

Pileup insensitive 
template selection 

criteria.

Template b-tagging.

Over time, many improvements were made on the original 
formulation of TOM. 

Leptonic Top Template.

Sequential template 
generation for adequate 
phase space coverage

Everything in red introduced in arXiv:1212.2977
Mihailo Backovic, BOOST2013

Tuesday, August 13, 13

•  Efficient method 
•  Tested on data 

Fatjet and subcones  



WOUTER WAALEWIJN 
CALCULATING TRACK-BASED OBSERVABLES  

Pileup is a big problem 

Remove from data (subtraction, cleansing) 

Calculate observables based only on tracks 

Introduction Track Functions Track Thrust Conclusions

Track Function Evolution

µ

d

dµ

Ti(x, µ) =

X

j,k

Z
dz

↵s

2⇡

Pi!jk(z)

Z
dx1 Tj(x1, µ)

Z
dx2 Tk(x2, µ)

⇥ �[x � zx1 � (1 � z)x2]

I Preserves normalization
R
dxTi(x, µ) = 1

I Nonlinear unlike DGLAP evolution. Involves 1 ! n splittings at O(↵

n�1
s )

I Excellent agreement with Pythia’s parton shower:

down quark: gluon:
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Track functions:  
probability that fraction x of energy  
is in charged particle 

Introduction Track Functions Track Thrust Conclusions

Results

DELPHI:

Tracks
Calorimeter

DELPHI
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ds
dt

Resummed:
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Pythia:

0.0 0.1 0.2 0.3
0

5

10

15

20

t
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ds
dt

Tracks
Calorimeter

PYTHIA 8
I Good agreement in tail region
I Differences in the peak from

nonperturbative corrections
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•  Requires more non-pertubative input 
                     than will all particles 
•  Harder to calculate with precision 
•  Can measure more precisely. 
•  Remarkably small difference  
               from all hadrons 

Introduction Track Functions Track Thrust Conclusions

Track Function Definition

Tq(x) =

Z
dy

+
d

2
y? e

ik� y+/2
X

C,N

�

⇣
x � p

�
C

k

�

⌘

⇥ 1

2Nc
tr
h
�

�

2

h0| (y+
, 0, y?)|CNihCN | (0)|0i

i

| {z }
matrix element squared

I Fragmentation function for energy fraction of all charged particles C

I Wilson lines needed for gauge invariance (not shown)
I Definition used to calculate cross sections and track function evolution

10 / 21



DAVID CURTIN 
DIVORCING SOFT SUBSTRUCTURE 

FROM HARD KINEMATICS 

Summary of Main Results
•

Color flow variables by themselves do not help to improve S/√B much since 
the final state has just two jets. 
But we confirm that som

e of them
 are largely uncorrelated with q/g tagging 

observables, so they do contain additional information. 

➡
Simpler color flow variables do better than maximally ‘clever’ ones.

For example, radial pull = projection of pull 
along line connecting two jets 
[basically jet skew]

vscolor connectivity [developed with Jason Gallicchio and Yang-Ting Chien]
which matches 2-subjet radiation pattern to eikonal template

Try to decorrelate 
     kinematic variables from showering variables  

Summary of Main Results

• The most useful variables fall into two separate groups:

‣ N_charged
girth
thin jet mass 
dipolarity (color flow variable that weighs radiation along line connecting two jets)

are correlated amongst each other with correlation ~ 0.5

‣ radial pull (projection of pull angle along line connecting jets)

axis contraction (change of τ21 axes with changing minimization measure)

are correlated amongst each other with correlation ~ 0.7

‣ correlation between these two groups is < 0.1

parton identity

color connections

bit of both?

Looked at many  
correlations 

Sample Comparison: W(h→gg) vs Wqq
Replacing Ncharged (or girth) by dipolarity is 

just as good.
Replacing Ncharged (or girth) by radial pull 

or axis contraction is just as good.



JESSE THALER 
UNSAFE BUT CALCULABLE: 

RATIO OBSERVABLES IN PQCD 

Jesse Thaler — Unsafe but Calculable 6

Ah, ok.
Have to put cut on the denominator

B

x

Singular point of 
phase space

Measure:

A

A (IRC Safe)
B > Bcut (IRC Safe)

R = A/B (now IRC Safe)Infer:

Bcut

No cut on τ2:
Strictly speaking

IRC unsafe

τ3/τ2
(could have singular line)

N-subjettiness ratios on QCD jets 
are not infrared safe 

Jesse Thaler — Unsafe but Calculable 8

Ratios of Angularities
Simplest Test Case

Recoil subtlety: Measure angles with respect to “broadening axis”
Alternative:  Energy-energy correlation function with same β, i.e. C1(β)

In soft & collinear limit (single emission):

β = 1:  Broadening
β = 2:  Thrust ≈ m2/E2

IRC Unsafe:
Arbitrary answer
in z → 0 limit

e� =
1

Ejet

X

i

Ei (�i)
�

Ejet

Ei = z Ejet

θi

e� = z ��

r =
e↵
e�

= �↵��

IRC Safe

R0 = 1

b̂

✓i

Ei

Simpler example: angularities 

Jesse Thaler — Unsafe but Calculable 8

Ratios of Angularities
Simplest Test Case

Recoil subtlety: Measure angles with respect to “broadening axis”
Alternative:  Energy-energy correlation function with same β, i.e. C1(β)

In soft & collinear limit (single emission):

β = 1:  Broadening
β = 2:  Thrust ≈ m2/E2

IRC Unsafe:
Arbitrary answer
in z → 0 limit

e� =
1

Ejet

X

i

Ei (�i)
�

Ejet

Ei = z Ejet

θi

e� = z ��

r =
e↵
e�

= �↵��

IRC Safe

R0 = 1

b̂

✓i

Ei

ratio not infrared safe 

Ratios can be Sudakov suppressed  
   near endpoint 

“Suadkov safe” 

Jesse Thaler — Unsafe but Calculable

Hadronization Corrections
Power Corrections vs. Hadronization Model
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Effect of Shape Function
Ratio rΑ,Β, Α # 2, Q # 500 GeV, % # 0.5 GeV
Β # 1.5: MC MC&∆NP
Β # 1.0: MC MC&∆NP
Β # 0.5: MC MC&∆NP
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Pythia 8 Distributions
Ratio rΑ,Β, Α # 2, Q % "450,550# GeV
Β # 1.5: Parton Hadron
Β # 1.0: Parton Hadron
Β # 0.5: Parton Hadron

MLL+LO+MC+δNP Pythia 8

power corrections hadronization model

momentum conservation,
color coherence, ...

Can reproduce qualitative features 
        of Pythia analytically 



GAVIN SALAM 
SCALE-INVARIANT RESONANCE TAGGING IN 

MULTIJET EVENTS 

9

 Tagging efficiency independent of the value of the mass ratio (except hadron level small rM)

 Smooth interpolation between the boosted and resolved regimes

 At parton level the tagging efficiency in the boosted limit can be computed analytically

Scale-invariant tagging: with a single analysis, explore simultaneously both the boosted and 
resolved regimes, with a smooth interpolation for intermediate masses

Juan Rojo                                                                                                                     BOOST2013, 14/08/2013

resolved boostedintermediate

7

 NB: this is really a specific analysis based on a specific data sample ...

 ... but based on a physical criterion, event-by-event, to apply the resonance analysis that is specially 
optimized for a given event topology

 Allows one to combine multiple analyses into a common search, or at least, to improve the efficiency 
of existing searches thanks to the smooth transition in the intermediate region

Juan Rojo                                                                                                                     BOOST2013, 14/08/2013

Smoothly interpolate between 
Different kinematic regimes 
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 Top quark pair production is widely used in BSM searches

 Typically searches are separated into the boosted and fully resolved regimes

 It would be desirable to merge the two regimes into a common analysis, while improving the 
overall efficiency by including the intermediate regime as well

Toy MC for heavy 
resonance X 

decaying to ttbar

Fully hadronic 
decays

Bring together different regimes 
  also for ttbar 



JOSH COGAN 
APPLYING COMPUTER VISION TO JET FLAVOR 

IDENTIFICATION  
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CLASS AVERAGES 
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How can we extract the important features? 
How can we convert this into discrimination power? 
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How can we extract the important features? 
How can we convert this into discrimination power? 
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  Finds direction that… 

 Maximizes between-
class scatter / within-
class scatter 

  Extracts the single 
“most important” 
feature 
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FISHER’S LINEAR DISCRIMINANT 

Hard 2nd 
subjet in 
W-jets 

Radiation around 1st  
subjet in light jets 

QCD-like 

W-like No info in 
presences of 
1st subjet 

Wide 2nd 
subjet in 
light jets 

0.6 < Subjet ΔR < 0.8 

Take as input pT in η φ plane Fisher jet 

•  Most important regions 
•  Incorporates correlations  Use the Fisher’s 

single feature as 
a discriminant? 

  Comparable 
results to  

  β=1 τ2/τ1 
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PERFORMANCE 
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Works better than n-subjettiness for W-tagging 
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QUARK VS GLUON 
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Identical performance to width 

Gives insight 
Into Q v G  
discrimination 



YANG-TING CHIEN 
TELESCOPING JETS Jet algorithmsQ-jets and Q-events

Telescoping jets

Signal and background z distributions

z is the fraction of the reconstructions of an event passing the cuts
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Yang-Ting Chien Telescoping Jets: Multiple Event Interpretations with Multiple R’s

Jet algorithms
Q-jets and Q-events

Telescoping jets

Why use only one R for all jets?

In fact, there is no reason for jets to have the same size R
— the width of the localized energy distribution in the η-φ plane is an
independent quantity that should be distinguished from R

Width
R

(η,φ)

Energy

Jet axis

Figure: A cartoon calorimeter plot distinguishing the width of the
localized energy distribution of a jet from the parameter R

Yang-Ting Chien Telescoping Jets: Multiple Event Interpretations with Multiple R’s

Consider multiple sizes 
•  Vary R’s from 0.4 to 1.4 
•  Get weighted events (like Qjets) 

Jets do not have well-defined size 
z = fraction of R’s which give mass in a window 

Using telescoping jet weights give 
46% improvement in significance over 
cut-based analysis for H->bb 

Jet algorithms
Q-jets and Q-events

Telescoping jets

Statistics and results

S
δB

=
NS εS

√

NB(ε2B + σ2B)
or

NS
√

NB

√

∫ 1

0

ρ2S(z)
ρB(z)

dz

NS and NB are the expected numbers of signal and background events
ε and σ2 are the mean and variance of the z distribution
Results:

R range N algorithm weight S/δB ↑
0.4 and 1.0 2 cone z 14%
0.4 to 1.0 7 cone z 20%
0.4 to 1.5 12 cone z 26%
0.2 to 1.5 100 anti-kT z 20%
0.2 to 1.5 100 cone z 28%
0.4 to 1.5 12 cone ρS/ρB 38%
0.2 to 1.5 100 cone ρS/ρB 46%

Table: S/δB improvements

Yang-Ting Chien Telescoping Jets: Multiple Event Interpretations with Multiple R’s

Jet algorithms
Q-jets and Q-events

Telescoping jets

Statistics and results
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0.4 and 1.0 2 cone z 14%
0.4 to 1.0 7 cone z 20%
0.4 to 1.5 12 cone z 26%
0.2 to 1.5 100 anti-kT z 20%
0.2 to 1.5 100 cone z 28%
0.4 to 1.5 12 cone ρS/ρB 38%
0.2 to 1.5 100 cone ρS/ρB 46%

Table: S/δB improvements

Yang-Ting Chien Telescoping Jets: Multiple Event Interpretations with Multiple R’s



ZHENYU HAN 
JET RADIATION RADIUS AND PILEUP 

Radius of subjets shrinks with pT 
Different for signal and background  

Boosted W vs QCD jet
ee->ww, qqg
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FIG. 2: Fixed momentum configurations for illustration. Left: WW → qq̄lν with the hadronic

W moving perpendicularly to the beam and decaying to quarks with symmetric momenta. Right:

e+e− → qq̄g with a qg pair mimicking a W boson.

configurations contributing to a high pT jet. This is more conveniently done with Pythia 8

or other simulations.

We keep the momentum and color flow configurations fixed as in Fig. 2, and repeatedly

use Pythia 8 to simulate showering and hadronization and obtain two data samples cor-

responding to the two processes. We cluster stable particles to anti-kt jets (R=1.2) with

FastJet [42]. Each WW event then contains a W jet in the upper hemisphere, and each

qq̄g event contains a 2-prong jet in the upper hemisphere and a 1-prong jet in the lower

hemisphere. No cut is used in this procedure. The average number of charged particles for

the W jet, the 2-prong and 1-prong QCD jets are shown in Fig. 3. From Fig. 3, we see

the average charged multiplicity of a W jet is larger than that of a 1-prong QCD jet while

smaller than a 2-prong QCD jet. This is due to their different color structure. In particular,

the 2-prong QCD jet is color connected to the other side of the event, therefore it contains

more radiation than the W jet. To distinguish a W jet from a 2-prong QCD jet, we can

apply a cut Nch ≤ N cut
ch . For example, when N cut

ch = 19, we keep 63% W jets and 7.7%

2-prong QCD jets, which boosts the SIC by a factor of 2.3. Because of the large boost and

the large jet radius, R = 1.2, almost all particles from the W decay are included in the

W jet. Due to charge conservation, the W jet (almost) always contains an odd number of

charged particles. If we keep only jets with odd number of charged particles, we obtain a

5
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Discrimination procedure

• Cluster to fat, high pt jets

• Calculate subtracted groomed jet mass

• Apply a precut on the groomed jet mass - optional

• Find the axes of the two leading subjets, calculate τ21 for jet 
constituents with a cone around the two axes, (shrinking) 
cone size determined by

• 2D analysis using (mfilt,subtr, τ21,sc).

p1 · p2 = p10 · p20

E1E2 � E1E2 cos ✓ = E10E20 � E10E20 cos ✓0

boost: E1/E10 ⇡ E2/E20

) ✓/✓0 ⇡ E10/E1

Rsub = Rref
100GeV

pT,sub

1

Wednesday, August 14, 13

Performance

• Suggestion to experimentalists: increase jet radius for the 
fat jet (to cluster more W’s), but reduce the radius for 
calculating radiation variables.

Best significance 1.77, 
filtering(subtr) alone: 1.30

filtering(subtr)+τ21(subtr):1.40

0.0 0.1 0.2 0.3 0.4
0.00

0.05

0.10

0.15

0.20

signal efficiency

ba
ck
gr
ou
nd
ef
fic
ie
nc
y

PT=150GeV

mfiltHsubtrL+t21 HsubtrL
mfiltHsubtrL+t21 HSCL

Wednesday, August 14, 13

Shrinking cone improves W-tagging 



SUMMARY 

How to tell X from Y 

PDFs + Mathematica = data? 

   Simplified calculations for insight 

Precision 
Calculations 
 

Back-to-
basics 

Algorithms 

•  What can we calculate? 
•  What should we calculate and why? 
•  What is the result of the calculation? 

•  Many new, creative approaches 
•  General sense that even top-tagging still not optimal 
•  Proliferation of methods needs tidying? 

•  How and why do algorithms work 
•  What can we hope to calculate? 



OUTLOOK 

Past: 
Basic substructure algorithms 

First precision calculations (jet mass, τ2/τ1 signal) 

Present: 

Sophisticated substructure 
algorithms 

Rethinking what can/should be 
calculated 

Understanding how algorithms work 

Furture: 
Optimal algorithms? 

PDFs + Mathematica = data? 

Substructure for BSM or precision SM physics 


